Introduction
============

Osteosarcoma (OS) is a highly malignant bone tumor that normally occurs in the metaphysis of the long bones ([@b1-ijmm-44-05-1833]). It is characterized by osteoblastic differentiation and malignant osteoid production. Incipient symptoms for patients with OS are nonspecific ([@b2-ijmm-44-05-1833]). Globally, \~4.4/million individuals have OS, with a peak morbidity age of 15-19 years ([@b3-ijmm-44-05-1833]). Multiple factors, including genetic and epigenetic variations, and potential environmental factors, exert crucial roles in the etiology and progression of OS ([@b4-ijmm-44-05-1833]-[@b6-ijmm-44-05-1833]); however, studies on the detailed molecular events underlying OS pathogenesis are limited. Development of anticancer therapy for patients with OS, including surgical resection, and effective neoadjuvant and adjuvant chemotherapy, have resulted in notable improvements in the clinical outcomes over previous decades ([@b7-ijmm-44-05-1833],[@b8-ijmm-44-05-1833]); however, the prognosis of patients with OS remains poor, and pulmonary metastasis is the most frequent cause of mortality ([@b9-ijmm-44-05-1833]). Therefore, an improved understanding of the mechanisms regulating the malignancy of OS is required for the identification of promising therapeutic approaches that may improve the prognosis of patients with OS.

MicroRNAs (miRNAs) are a series of single stranded and non-coding RNA molecules that range in length from 18-23 nucleotides ([@b10-ijmm-44-05-1833]). miRNAs negatively regulate gene expression via directly binding to the 3′-untranslated regions (3′-UTRs) of their target genes, which results in their degradation or destabilization ([@b11-ijmm-44-05-1833]). A total of \>2,000 miRNAs have been identified in human cells, and it is estimated that they are implicated in the regulation of \~30% of the protein-coding genes in the human genome ([@b12-ijmm-44-05-1833]). It has been widely recognized that the aberration of miRNA expression is observed in almost all types of human malignancy, including OS ([@b13-ijmm-44-05-1833]), and pancreatic ([@b14-ijmm-44-05-1833]), gastric ([@b15-ijmm-44-05-1833]) and ovarian cancer ([@b16-ijmm-44-05-1833]). In OS, the dysregulation of miRNAs is involved in the modulation of OS occurrence and development as oncogenes or tumor suppressors ([@b17-ijmm-44-05-1833],[@b18-ijmm-44-05-1833]). Therefore, investigating the detailed functions of OS-associated miRNAs may assist in developing novel targets for anticancer gene therapy.

Recently, the dysregulation of miR-939-5p (miR-939) has been demonstrated to participate in the aggressive behaviors of multiple types of human cancer ([@b19-ijmm-44-05-1833]-[@b23-ijmm-44-05-1833]). However, the expression profile and functional roles of miR-939 in OS have yet to be clarified. Therefore, the present study first detected miR-939 expression in OS tissues and cell lines. Then, the specific roles and associated molecular events of miR-939 in OS were elucidated in detail. The results of the present study verified that miR-939 overexpression suppressed the malignant phenotypes of OS by directly targeting insulin-like growth factor 1 receptor (IGF-1R) and deactivating the PI3K/Akt pathway. This suggests that the miR-939/IGF-1R/PI3K/Akt pathway is a potential target for anticancer therapy in patients with OS.

Materials and methods
=====================

Human tissue collection
-----------------------

The present study was approved by the Medical Ethics Committee of Shandong Provincial Western Hospital (Jinan, China). Written informed consent was obtained from all participants. A total of 58 pairs of OS tissue and adjacent non-tumorous tissue samples were obtained from patients at Shandong Provincial Western Hospital. None of the patients had been treated with radiotherapy, chemotherapy or other anticancer therapies. All tissues were immediately frozen in liquid nitrogen following surgical excision and stored at −80°C.

Cell culture
------------

A total of 4 human OS cell lines, including SAOS-2, MG-63, HOS and U2OS, were purchased from the Shanghai Institute of Biochemistry and Cell Biology. The normal human osteoblast hFOB1.19 cell line was purchased from the American Type Culture Collection. All cell lines were grown in Dulbecco\'s Modified Eagle\'s Medium (DMEM) containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (all from Gibco; Thermo Fisher Scientific, Inc.). All cells were maintained at 37°C in a humidified atmosphere containing 5% CO~2~.

Transfection
------------

For miR-939 functional analysis, miR-939 mimics were chemically generated by Guangzhou RiboBio Co., Ltd., and transfected into cells to increase endogenous miR-939 expression. Similarly, small interfering RNA (siRNA) targeting the expression of IGF-1R (si-IGF-1R; Shanghai GenePharma Co., Ltd.) was utilized to silence IGF-1R expression. miRNA mimics negative control (miR-NC) and negative control siRNA (si-NC) served as the controls for miR-939 mimics and si-IGF-1R, respectively. The sequence of the si-IGF-1R was 5′-CACCGCGGCTGGAAACTCTTCTACACGAATGTAGAAGAGTTTCCAGCC GC-3′. The sequence of the si-NC was 5′-CACCGCTCACCGGCTCCAGATTTATCGAAATAAATCTGGAGCCGGTGAGC-3′. The empty vector (pcDNA3.1) and the plasmids containing IGF-1R pcDNA3.1-IGF-1R (pc-IGF-1R) were synthesized by (Youbao Bio; Hunan Keai Medical Devices Co. Ltd.). Cells were trans-fected with miR-939 mimics (100 pmol), miR-NC (100 pmol), si-IGF-1R (100 pmol), si-NC (100 pmol), pc-IGF-1R (4 *μ*g) or pcDNA3.1 (4 *μ*g) using Lipofectamine^®^ 2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.) ([@b24-ijmm-44-05-1833]). Reverse transcription-quantitative polymerase chain reaction (RT-qPCR), flow cytometry analysis and Transwell migration and invasion assays were carried out at 48 h post-transfection. After 24 h incubation, transfected cells were collected and used in Cell Counting Kit-8 (CCK-8) assay and tumor xenograft assay.

RNA preparation and RT-qPCR
---------------------------

Total RNA in tissues or cells was isolated using the RNeasy Plus mini kit (Qiagen GmbH). To detect miR-939 expression, total RNA was reverse transcribed into cDNA using the miScript Reverse Transcription kit (Qiagen GmbH). The temperature protocol for reverse transcription of miRNA was as follows: 37°C for 60 min, 95°C for 5 min, and the samples were subsequently kept at 4°C. miScript SYBR-Green PCR kit (Qiagen GmbH) was employed to conduct quantitative PCR using an ABI 7500 thermocycler (Thermo Fisher Scientific, Inc.). The thermocycling conditions were as follows: 95°C for 2 min, followed by 40 cycles of 95°C for 10 sec, 55°C for 30 sec and 72°C for 30 sec. For the analysis of IGF-1R mRNA expression, RT and qPCR were performed using PrimeScript RT Reagent kit and SYBR Premix Ex Taq™ kit (Takara Biotechnology Co., Ltd.), respectively. The temperature protocol for reverse transcription of RNA was as follows: 37°C for 15 min and 85°C for 5 sec. The thermo-cycling conditions for qPCR were as follows: 5 min at 95°C, followed by 40 cycles of 95°C for 30 sec and 65°C for 45 sec. U6 small nuclear RNA and GAPDH served as the internal reference for miR-939 and IGF-1R, respectively. Relative gene expression was calculated using the 2^−∆∆Cq^ formula ([@b24-ijmm-44-05-1833]). The primer sequences used for qPCR were: miR-939 forward, 5′-GGGTGGGGAGCTGAGGCTCTG-3′ and reverse, 5′-CAGTGCGTGTCGTGGAGT-3′; U6 forward, 5′-CGTTTTACTTCCTCATACAGCAC-3′ and reverse, 5′-GCACCAAGAGACCTGTGACA-3′; IGF-1R forward, 5′-AGGATATTGGGCTTTACAACCTG-3′; reverse, 5′-GAGGTAACAGAGGTCAGCATTTT-3′; and GAPDH forward, 5′-TGCACCACCAACTGCTTA-3′ and reverse, 5′-GGATGCAGGGATGATGTT C-3′.

CCK-8 assay
-----------

After 24 h culture, transfected cells were collected and used for the detection cell proliferation using a CCK-8 assay. Briefly, transected cells were inoculated into 96-well plates with an initial density of 2×10^3^ cells/well. A total of 10 *μ*l CCK-8 solution (Beyotime Institute of Biotechnology) was added into each well at 0, 24, 48 and 72 h after inoculation. After 2 h incubation, the optical density value of each well at a 450 nm wavelength was recorded using an ELx800 microplate Reader (Bio-Tek Instruments, Inc.).

Flow cytometry analysis
-----------------------

Transfected cells were collected after 48 h incubation at 37°C and subjected to the detection of cell apoptosis using an Annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kit (BioLegend, Inc.). The transfected cells were then washed 3 times with PBS (Gibco; Thermo Fisher Scientific, Inc.), resuspended in 100 *μ*l binding buffer, and double-stained with 5 *μ*l Annexin V-FITC and 5 *μ*l propidium iodide. Then, the cells were analyzed by a FACScan flow cytometer (BD Biosciences). Data were analyzed with CellQuest Pro 4.0.2 software (BD Biosciences).

Transwell migration and invasion assays
---------------------------------------

Transwell chambers (8 *μ*m pore size; Costar; Corning Incorporated) pre-coated with Matrigel (BD Biosciences) at 37°C for 30 min were utilized to determine the invasive ability, while uncoated Transwell chambers were used in the Transwell migration assay. Transfected cells were collected at 48 h post-transfection and resuspended in FBS-free DMEM. A total of 200 *μ*l cell suspension containing 5×10^4^ transfected cells was added in the upper compartments. The lower compartments were covered with 500 *μ*l DMEM containing 10% FBS. After 24 h incubation at 37°C, cells remaining in the upper membranes were gently removed using a cotton swab. The migrated and invaded cells on the lower surface of the membranes were fixed with 4% paraformaldehyde at room temperature for 30 min, stained with 0.1% crystal violet at room temperature for 30 min, and washed with PBS 3 times. Finally, the numbers of migrated and invaded cells were counted in 5 randomly chosen visuals/chamber under an inverted light microscope (×200 magnification; Olympus Corporation).

Tumor xenograft assay
---------------------

A total of 8 female BALB/c nude mice (20 g; 4-5 week-old) were obtained from the Model Animal Research Institute of Nanjing University. HOS cells transfected with miR-939 mimics or miR-NC were suspended in PBS, and inoculated subcutaneously into the flank of nude mice (n=4 for each group). The tumor size was detected every 4 days, and the tumor volume was calculated using the formula: Volume (mm^3^)=1/2 × (length × width^2^). A total of 4 weeks after injection, all nude mice were sacrificed by means of cervical dislocation. The tumor xenografts were separated, weighed and processed for RT-qPCR and western blot analysis. The animal experiments were approved by the Institutional Animal Care and Use Committee of Shandong Provincial Western Hospital.

Target identification and luciferase activity assay
---------------------------------------------------

Bioinformatics analysis was performed to search for the potential targets of miR-939. TargetScan (release 7.2; March 2018; <http://targetscan.org/>) ([@b25-ijmm-44-05-1833]) and miRDB (<http://mirdb.org/>) ([@b26-ijmm-44-05-1833]) validated IGF-1R as a putative target of miR-939.

The wild-type (wt) 3′-UTR of IGF-1R containing the predicted miR-939 binding site and mutant (mut) IGF-1R 3′-UTR was chemically amplified by Shanghai GenePharma Co., Ltd., and inserted into the pMIR-REPORT luciferase reporter plasmid (Ambion; Thermo Fisher Scientific, Inc.) to generate the luciferase plasmids and referred to as pMIR-IGF-1R-3′-UTR wt and pMIR-IGF-1R-3′-UTR mut, respectively. Cells were inoculated into 24-well plates 1 day prior to transfection, followed by co-transfection with pMIR-IGF-1R-3′-UTR wt or pMIR-IGF-1R-3\'-UTR mut, and miR-939 mimics or miR-NC, using the Lipofectamine^®^ 2000. Following 48 h transfection, luciferase activity was determined using a Dual-Luciferase^®^ Reporter Assay system (E1910; Promega Corporation) according to the manufacturer′s instructions. *Renilla* luciferase activity was used as the internal control.

Western blot analysis
---------------------

The isolation of total protein was performed using radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology). A bicinchoninic acid assay kit (Pierce; Thermo Fisher Scientific, Inc.) was used to quantify protein concentration. Equivalent amounts of protein (30 *μ*g) were separated using 10% SDS-PAGE gel, transferred to polyvinylidene fluoride membranes, blocked at room temperature with 5% evaporated skimmed milk for 2 h, and then subjected to overnight incubation at 4°C with primary antibodies. Thereafter, protein bands were detected by goat anti-rabbit (cat. no. ab6721) or goat anti-mouse (cat. no. ab6790) immunoglobulin G horseradish peroxidase-conjugated secondary antibody (Abcam) and were visualized using an enhanced chemiluminescence Western Blotting Detection kit (Applygen Technologies, Inc.). The primary antibodies used in this study were as follows: Mouse anti-human monoclonal IGF-1R antibody (cat. no. sc-81464; Santa Cruz Biotechnology, Inc.), rabbit anti-human polyclonal phosphorylated (p)-PI3K antibody (cat. no. ab182651; Abcam), mouse anti-human monoclonal PI3K (cat. No ab189403; Abcam), mouse anti-human monoclonal p-Akt antibody (cat. no. sc-81433; Santa Cruz Biotechnology), mouse anti-human monoclonal Akt antibody (cat. no. sc-81434; Santa Cruz Biotechnology) and mouse anti-human monoclonal GAPDH antibody (cat. no. sc-32233). All primary antibodies were used with dilution 1:1,000, while the secondary antibodies were used with dilution 1:5,000. Quantity One software (version 4.62; Bio-Rad Laboratories, Inc.) was used for performing the densitometric analysis.

Statistical analysis
--------------------

All experiments were repeated at least 3 times, and the data are presented as the mean ± standard deviation. The correlation analysis between miR-939 expression and clinicopathological features in patients with OS was analyzed using a χ^2^ test. A two-tailed student\'s t-test was used to analyze differences between two groups. The comparisons between multiple groups were examined using one-way analysis of variance followed by Tukey\'s post-hoc test. Spearman\'s correlation analysis was utilized to test the expression correlation between miR-939 and IGF-1R mRNA in OS tissues. Survival curves were assessed by Kaplan-Meier analysis and compared with log-rank test. All statistical analysis was performed using SPSS software (version 19.0; IBM Corp.). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

miR-939 is downregulated in OS and predicts poor prognosis
----------------------------------------------------------

To analyze the clinical significance of miR-939 in OS, its expression was first measured in 58 pairs of OS tissues and adjacent non-tumorous tissues using RT-qPCR. The results indicated that miR-939 expression was decreased in OS tissues compared with that in non-tumorous tissue ([Fig. 1A](#f1-ijmm-44-05-1833){ref-type="fig"}; P\<0.05). In addition, the expression level of miR-939 was determined in a panel of OS cell lines, including SAOS-2, MG-63, HOS and U2OS. The normal human osteoblast hFOB1.19 cell line served as the control. Data from the RT-qPCR analysis indicated that expression level of miR-939 was decreased in all OS cell lines examined compared with that in the hFOB1.19 cell line ([Fig. 1B](#f1-ijmm-44-05-1833){ref-type="fig"}; P\<0.05).

The high (≥0.35) and low (\<0.35) miR-939 expression groups were defined based on the median value of miR-939 in OS tissues (0.35). The association between miR-939 expression and clinicopathological features in patients with OS was explored. As indicated in [Table I](#tI-ijmm-44-05-1833){ref-type="table"}, low miR-939 expression was notably correlated with clinical stage (P=0.033) and distant metastasis (P=0.028) in patients with OS. Furthermore, the prognostic value of miR-939, which was determined by Kaplan-Meier survival cures, indicated that the low miR-939 expression group exhibited a decrease in overall survival compared to the high miR-939 expression group ([Fig. 1C](#f1-ijmm-44-05-1833){ref-type="fig"}; P=0.0135). These observations suggest that miR-939 may be closely associated with the progression and development of OS.

miR-939 exerts a tumor-suppressing role in OS cells in vitro
------------------------------------------------------------

To understand the roles of miR-939 in the malignancy of OS, miR-939 mimics or miR-NC were transfected into HOS and U2OS cells. Following transfection, RT-qPCR confirmed that miR-939 was evidently overexpressed in HOS and U2OS cells following miR-939 mimics transfection ([Fig. 2A](#f2-ijmm-44-05-1833){ref-type="fig"}; P\<0.05). Cell proliferation was subsequently determined via CCK-8 assay, and the results revealed that miR-939 mimics transfection resulted in a significant decrease in HOS and U2OS cell proliferation rates ([Fig. 2B](#f2-ijmm-44-05-1833){ref-type="fig"}; P\<0.05). To additionally examine the inhibitory effect of miR-939 in OS cell proliferation, the apoptosis rates of HOS and U2OS cells following miR-939 upregulation were detected. The data demonstrated that when miR-939 was upregulated in HOS and U2OS cells, the proportion of apoptotic cells was increased markedly ([Fig. 2C](#f2-ijmm-44-05-1833){ref-type="fig"}; P\<0.05). Furthermore, the migratory ([Fig. 2D](#f2-ijmm-44-05-1833){ref-type="fig"}; P\<0.05) and invasive ([Fig. 2E](#f2-ijmm-44-05-1833){ref-type="fig"}; P\<0.05) capacities were prominently decreased following ectopic miR-939 expression in HOS and U2OS cells, as demonstrated by the Transwell migration and invasion assays. These results implied that miR-939 exerted a tumor suppressive role in the aggressive behaviors of OS *in vitro*.

IGF-1R is a direct target gene of miR-939 in OS
-----------------------------------------------

The specific function of miRNAs relies on the negative regulation of their target genes; therefore, bioinformatics analysis was applied to search for the potential target of miR-939. Among these candidates, IGF-1R ([Fig. 3A](#f3-ijmm-44-05-1833){ref-type="fig"}) was identified, as the gene has been implicated in the malignant phenotypes of OS ([@b27-ijmm-44-05-1833]-[@b30-ijmm-44-05-1833]). Next, a luciferase reporter assay was employed to explore whether miR-939 directly targeted IGF-1R in OS. Upregulation of miR-939 notably suppressed the luciferase activity of reporter plasmid containing the wild-type miR-939 binding sites (1 and 2) in both HOS and U2OS cells (P\<0.05). Notably, miR-939 overexpression had no effect on the luciferase activity of the mutant reporter plasmid (1 and 2), suggesting that miR-939 was able to recognize and bind to the 3′-UTR of IGF-1R in OS ([Fig. 3B](#f3-ijmm-44-05-1833){ref-type="fig"}). In addition, the results of the RT-qPCR and western blot analysis revealed that the mRNA ([Fig. 3C](#f3-ijmm-44-05-1833){ref-type="fig"}; P\<0.05) and protein ([Fig. 3D](#f3-ijmm-44-05-1833){ref-type="fig"}; P\<0.05) levels of IGF-1R were markedly decreased in HOS and U2OS cells overexpressing miR-939.

To additionally elucidate the association between miR-939 and IGF-1R in OS tissues, IGF-1R expression in OS tissues was measured, and it was indicated that the IGF-1R mRNA was overexpressed compared with non-tumorous tissues ([Fig. 3E](#f3-ijmm-44-05-1833){ref-type="fig"}; P\<0.05). Furthermore, a negative expression correlation between miR-939 and IGF-1R mRNA in the same OS tissue was validated via Spearman\'s correlation analysis ([Fig. 3F](#f3-ijmm-44-05-1833){ref-type="fig"}; R^2^=0.3261; P\<0.0001). Taken together, these results suggested that IGF-1R is a direct target of miR-939 in OS.

IGF-1R silencing imitates the tumor-suppressing roles of miR-939 in OS cells
----------------------------------------------------------------------------

Having identified IGF-1R as a direct target of miR-939 in OS, the roles of IGF-1R in the development of OS were further examined. si-IGF-1R was introduced into HOS and U2OS cells, and RT-qPCR analysis confirmed that si-IGF-1R transfection suppressed the expression of IGF-1R in HOS and U2OS cells at mRNA ([Fig. 4A](#f4-ijmm-44-05-1833){ref-type="fig"}; P\<0.05) and protein ([Fig. 4B](#f4-ijmm-44-05-1833){ref-type="fig"}; P\<0.05) levels. Thereafter, CCK-8 assay and flow cytometry analysis were performed, and the results revealed that silencing of IGF-1R expression significantly inhibited the proliferation rate ([Fig. 4C](#f4-ijmm-44-05-1833){ref-type="fig"}; P\<0.05) and promoted the apoptosis rate ([Fig. 4D](#f4-ijmm-44-05-1833){ref-type="fig"}, P\<0.05) of HOS and U2OS cells. The migration ([Fig. 4E](#f4-ijmm-44-05-1833){ref-type="fig"}; P\<0.05) and invasion ([Fig. 4F](#f4-ijmm-44-05-1833){ref-type="fig"}; P\<0.05) rates were also attenuated in HOS and U2OS cells following si-IGF-1R transfection. These results demonstrated that IGF-1R knockdown was able to imitate the tumor-suppressing roles of miR-939 in OS cells, additionally suggesting that IGF-1R served a downstream mediator of miR-939 in OS.

Restoring IGF-1R expression counteracts the tumor suppressive effects of miR-939 in OS cells
--------------------------------------------------------------------------------------------

Rescue experiments were performed to validate that decreasing IGF-1R expression is essential for the functions of miR-939 in OS cells. Firstly, pc-IGF-1R or pcDNA3.1 plasmids were transfected into HOS and U2OS cells. Western blot analysis confirmed that the transfection of pc-IGF-1R notably increased IGF-1R protein expression levels in HOS and U2OS cells ([Fig. 5A](#f5-ijmm-44-05-1833){ref-type="fig"}; P\<0.05). miR-939 overexpressing-HOS and U2OS cells were transfected with pc-IGF-1R to recover expression, and the restoration of IGF-1R mRNA ([Fig. 5B](#f5-ijmm-44-05-1833){ref-type="fig"}; P\<0.05) and protein ([Fig. 5C](#f5-ijmm-44-05-1833){ref-type="fig"}, P\<0.05) was then confirmed by RT-qPCR and western blot analysis. Upregulation of miR-939 inhibited HOS and U2OS cell proliferation ([Fig. 5D](#f5-ijmm-44-05-1833){ref-type="fig"}; P\<0.05), induced cell apoptosis ([Fig. 5E](#f5-ijmm-44-05-1833){ref-type="fig"}; P\<0.05), and hindered cell migration ([Fig. 5F](#f5-ijmm-44-05-1833){ref-type="fig"}; P\<0.05) and invasion ([Fig. 5G](#f5-ijmm-44-05-1833){ref-type="fig"}; P\<0.05), whereas reintroduction of IGF-1R abolished these effects. In summary, miR-939 may serve tumor-suppressing roles in OS progression by decreasing IGF-1R expression.

miR-939 deactivates the PI3K/Akt pathway in OS via IGF-1R regulation
--------------------------------------------------------------------

IGF-1R has recently been implicated in the activation of PI3K/Akt pathway ([@b31-ijmm-44-05-1833]-[@b33-ijmm-44-05-1833]). Therefore, the present study attempted to identify whether miR-939 was able to deactivate the PI3K/Akt pathway in OS cells. Western blot analysis revealed that ectopic miR-939 expression downregulated the expression levels of p-PI3K and p-Akt in HOS and U2OS cells ([Fig. 6](#f6-ijmm-44-05-1833){ref-type="fig"}), suggesting that miR-939 may have inactivated the PI3K/Akt pathway in OS cells. Notably, restoration of IGF-1R expression reversed the downregulation of p-PI3K and p-Akt in miR-939 overexpressing-HOS and U2OS cells. These results suggest that miR-939 overexpression deactivates the PI3K/AKT pathway in OS cells by decreasing IGF-1R expression.

miR-939 suppresses the tumor growth of OS in vivo
-------------------------------------------------

As the data from the present study indicated that restoration of miR-939 expression decreased OS cell proliferation *in vitro*, the involvement of miR-939 in *in vivo* tumor growth was subsequently explored though a tumor xenograft assay. A total of 4 weeks after inoculation, the tumor growth curves demonstrated that miR-939 upregulation markedly decreased the tumor growth of OS cells ([Fig. 7A](#f7-ijmm-44-05-1833){ref-type="fig"} and B; P\<0.05). Tumor weight in nude mice injected with miR-939 mimics transfected-HOS cells was decreased compared with that in the miR-NC group ([Fig. 7C](#f7-ijmm-44-05-1833){ref-type="fig"}; P\<0.05). In addition, the levels of IGF-1R and key molecules associated with the PI3K/Akt pathway were measured in the tumor xenografts. The data indicated that the expression levels of IG-1R, p-PI3K and p-Akt in tumor xenografts derived from the miR-939 mimics group were downregulated compared with those in the miR-NC group ([Fig. 7D](#f7-ijmm-44-05-1833){ref-type="fig"}; P\<0.05). Furthermore, miR-939 expression was detected in the tumor xenografts, and the results confirmed that the suppression of OS tumor growth was attributed to miR-939 overexpression. As expected, the upregulation of miR-939 was observed in the tumor xenografts obtained from nude mice injected with miR-939 mimics transfected-HOS cells ([Fig. 7E](#f7-ijmm-44-05-1833){ref-type="fig"}; P\<0.05). Therefore, these data demonstrated that miR-939 impaired tumor growth *in vivo* through suppression of IGF-1R expression and deactivation of the PI3K/Akt pathway.

Discussion
==========

The dysregulation of miRNAs with oncogenic or tumor-suppressing effects in OS has been demonstrated in a number of studies ([@b33-ijmm-44-05-1833]-[@b35-ijmm-44-05-1833]). Furthermore, restoring or silencing miRNAs with chemically synthesized oligonucleotides has the potential to alter the roles of miRNA in carcinogenesis and cancer progression, providing a theoretical foundation for miRNA-based targeted anticancer therapy ([@b36-ijmm-44-05-1833],[@b37-ijmm-44-05-1833]). Accordingly, exploring the detailed roles of miRNAs in the malignancy of OS may promote the identification of attractive targets for therapy in patients with OS. Therefore, in the present study, miR-939 expression was detected in both OS tissues and cell lines. Then, the effects of miR-939 on the malignancy of OS cells *in vitro* and *in vivo* were investigated. Finally, the molecular mechanisms and potential signaling pathway underlying the tumor suppressive roles of miR-939 in OS were explored in detail. The results will be beneficial for the identification of potential molecular targets for the OS diagnosis, therapy and prevention.

miR-939 expression is increased in ovarian cancer ([@b19-ijmm-44-05-1833]) and hepatocellular carcinoma ([@b20-ijmm-44-05-1833]). In addition, miR-939 was validated as an independent factor for the prognosis of patients with hepatocellular carcinoma ([@b20-ijmm-44-05-1833]). By contrast, decreased expression of miR-939 is observed in colorectal cancer ([@b21-ijmm-44-05-1833]) and tongue squamous cell carcinoma ([@b22-ijmm-44-05-1833]). Low miR-939 expression was inversely correlated with tumor stage in patients with tongue squamous cell carcinoma ([@b22-ijmm-44-05-1833]). There is also low expression of miR-939 in gastric cancer, and miR-939 was demonstrated to be an independent indicator for predicting poor prognosis and recurrence ([@b23-ijmm-44-05-1833]). However, the expression status of miR-939 in OS has yet to be elucidated. The present study identified that miR-939 was downregulated in OS, and that its downregulation was correlated with clinical stage and distant metastasis. Notably, patients with OS in the low miR-939 expression group exhibited a decrease in overall survival compared with those in the high miR-939 expression group. These observations suggest that miR-939 is an effective biomarker for the diagnosis and prognosis of patients with OS.

miR-939 has been identified as an oncogenic miRNA in ovarian cancer that promotes cell proliferation and anchorage-independent growth ([@b19-ijmm-44-05-1833]). Conversely, miR-939 exerts tumor-suppressing roles in multiple types of human cancer. For example, miR-939 overexpression decreases the migration and invasion of colorectal cancer cells ([@b21-ijmm-44-05-1833]), and suppresses the growth and metastasis of gastric cancer *in vitro* and *in vivo* ([@b23-ijmm-44-05-1833]). In addition, upregulation of miR-939 increases the chemosensitivity of gastric cancer cells to 5-fluorouracil ([@b23-ijmm-44-05-1833]). Nevertheless, the specific roles of miR-939 in the malignant phenotypes of OS *in vitro* and *in vivo* remain unclear clear. In the present study, a series of functional experiments demonstrated that restoration of miR-939 expression inhibited cell proliferation, migration and invasion *in vitro*, induced cell apoptosis *in vitro*, and decreased tumor growth *in vivo*. These results suggested that restoring miR-939, resulting in the inhibition of OS progression, may be a potential therapeutic technique for patients with OS.

Multiple genes, including adenomatous polyposis coli 2 in ovarian cancer ([@b19-ijmm-44-05-1833]), LIM domain kinase 2 in colorectal cancer ([@b21-ijmm-44-05-1833]) and solute carrier family 34 member 2 in gastric cancer ([@b23-ijmm-44-05-1833]), have been previously characterized as direct targets of miR-939. IGF-1R is a transmembrane tyrosine kinase receptor in the insulin receptor family, and was identified as a direct target of miR-939 in OS. IGF-1R is upregulated in OS, and the upregulation of IGF-1R exhibits a close association with surgical stage and distant metastasis ([@b27-ijmm-44-05-1833]). Patients with OS and high IGF-1R expression exhibit poorer clinical outcomes ([@b27-ijmm-44-05-1833]). In addition, increased IGF1-1R expression was confirmed as an independent prognostic maker for patients with OS ([@b27-ijmm-44-05-1833]). Functionally, IGF-1R serves an important role in the onset and development of OS, and is involved in the regulation of various aggressive behaviors, including cell adhesion, proliferation, apoptosis, cell cycle, motility, metastasis, chemoresistance and radioresistance ([@b27-ijmm-44-05-1833]-[@b30-ijmm-44-05-1833]). A second notable result of the present study was that miR-939 overexpression deactivated the PI3K/Akt pathway in OS cells. However, whether miR-939 was able to affect other pathways in OS was not explored in detail. This was a limitation of the present study, and it will be resolved in subsequent studies. Combined with the observations of the present study, targeting molecules that silence IGF-1R expression or restore miR-939 expression, resulting in the deactivation of PI3K/Akt pathway, may be useful for the therapy of patients with OS.

To conclude, miR-939 expression was decreased in OS and predicted poor prognosis. Exogenous miR-939 expression suppressed the malignancy of OS *in vitro* and *in vivo* by directly targeting IGF-1R and deactivating the PI3K/Akt pathway. Therefore, miR-939 may be a potential therapeutic target and promising biomarker for the diagnosis and prognosis in patients with OS.
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![Expression profile and prognostic value of miR-939 in OS. (A) RT-qPCR analysis revealed the expression level of miR-939 in 58 pairs of OS tissues and adjacent non-tumorous tissues. ^\*^P\<0.05 vs. non-tumorous tissues. (B) The relative expression of miR-939 in 4 human OS cell lines and the normal human osteoblast hFOB1.19 cell line was quantified using RT-qPCR. ^\*^P\<0.05 vs. hFOB1.19. (C) The prognostic significance of miR-939 for patients with OS. Patients with low miR-939 expression exhibited shorter overall survival. P=0.0135. miR, microRNA; OS, osteosarcoma; RT-qPCR, reverse transcription quantitative polymerase chain reaction.](IJMM-44-05-1833-g00){#f1-ijmm-44-05-1833}

![miR-939 inhibits the proliferation, migration, invasion and promotes the apoptosis of HOS and U2OS cells. (A) Following miR-939 mimic transfection, the marked upregulation of miR-939 in HOS and U2OS cells was confirmed by reverse transcription quantitative polymerase chain reaction analysis. ^\*^P\<0.05 vs. miR-NC. (B and C) The (B) proliferation and (C) apoptosis of miR-939 overexpressing-HOS and U2OS cells was assessed using a Cell Counting Kit-8 assay and flow cytometry analysis. Exogenous miR-939 expression markedly suppressed the proliferation and induced the apoptosis of HOS and U2OS cells. ^\*^P\<0.05 vs. miR-NC. (D and E) The (D) migration and (E) invasion of miR-939 overexpressing-HOS and U2OS cells was determined via Transwell migration and invasion assays. The results indicated that the migratory and invasive capacities of HOS and U2OS cells were inhibited by miR-939 mimics transfection. ^\*^P\<0.05 vs. miR-NC. miR, microRNA: NC, negative control; PI, propidium iodide.](IJMM-44-05-1833-g01){#f2-ijmm-44-05-1833}

![Identification of IGF-1R as a direct target of miR-939 in OS cells. (A) miR-939 and its wild-type binding sites in the 3′-UTR of IGF-1R. The mutant binding sites were produced in the complementary site for the seed region of miR-939. (B) For the reporter assay, pMIR-IGF-1R-3′-UTR wt or pMIR-IGF-1R-3′-UTR mut, along with miR-939 mimics or miR-NC, were introduced into HOS and U2OS cells. Following transfection, luciferase activity was detected using a dual luciferase reporter assay system. ^\*^P\<0.05 vs. miR-NC. (C and D) The (C) mRNA and (D) protein levels of IGF-1R in miR-939 overexpressing-HOS and U2OS cells were examined using reverse transcription quantitative polymerase chain reaction assay and western blot analysis. ^\*^P\<0.05 vs. miR-NC. (E) Total RNA was isolated from OS tissues and adjacent non-tumorous tissues, and then used for the measurement of IGF-1R mRNA expression. ^\*^P\<0.05 vs. non-tumorous tissues. (F) Spearman\'s correlation analysis was utilized to examine the expression correlation between miR-939 and IGF-1R mRNA in OS tissues. R^2^=0.3261, P\<0.0001. IGF-1R, insulin-like growth factor 1 receptor; miR, microRNA; OS, osteosarcoma; wt, wild type; mut, mutant; UTR, untranslated region; NC, negative control.](IJMM-44-05-1833-g02){#f3-ijmm-44-05-1833}

![Silencing IGF-1R expression exerts an inhibitory effect on the growth and metastasis of HOS and U2OS cells *in vitro*. HOS and U2OS cells were transfected with si-IGF-1R or si-NC. Transected cells were harvested and used in the following assays. (A and B) The knockdown of IGF-1R (A) mRNA and (B) protein expression in the indicated cells was confirmed via reverse transcription quantitative polymerase chain reaction assay and western blot analysis. ^\*^P\<0.05 vs. si-NC. (C and D) CCK-8 assays and flow cytometry analysis were performed to evaluate the proliferation and invasion of HOS and U2OS cells. ^\*^P\<0.05 vs. si-NC. (E and F) The (E) migration and (F) invasion rates of IGF-1R-silenced HOS and U2OS cells were examined using Transwell migration and invasion assays. ^\*^P\<0.05 vs. si-NC. IGF-1R, insulin-like growth factor 1 receptor; miR, microRNA; si; small interfering RNA: NC, negative control.](IJMM-44-05-1833-g03){#f4-ijmm-44-05-1833}

![IGF-1R restoration partially neutralizes the effects of miR-939 in HOS and U2OS cells. (A) Western blot analysis was utilized for the detection of IGF-1R protein expression in HOS and U2OS cells following pcDNA3.1 or pc-IGF-1R transfection. ^\*^P\<0.05 vs. pcDNA3.1. (B and C) HOS and U2OS cells were co-transfected with miR-939 mimics and pc-IGF-1R or pcDNA3.1. Following transfection, reverse transcription quantitative polymerase chain reaction and western blot analysis was conducted to quantify IGF-1R (B) mRNA and (C) protein expression, respectively. ^\*^P\<0.05 vs. miR-NC. ^\*\*^P\<0.05 vs. miR-939 mimics+pcDNA3.1. (D-G) The (D) proliferation, (E) apoptosis, (F) migration and (G) invasion rates of HOS and U2OS cells treated as aforementioned were examined using Cell Counting Kit-8 assays, flow cytometry analysis, and Transwell migration and invasion assays. ^\*^P\<0.05 vs. miR-NC. ^\*\*^P\<0.05 vs. miR-939 mimics+pcDNA3.1. IGF-1R, insulin-like growth factor 1 receptor; miR, microRNA; NC, negative control.](IJMM-44-05-1833-g04){#f5-ijmm-44-05-1833}

![miR-939 deactivates the PI3K/Akt pathway in HOS and U2OS cells through decreasing IGF-1R expression. The IGF-1R overexpression plasmid pc-IGF-1R was introduced into miR-939-overexpressing HOS and U2OS cells. Following transfection, western blot analysis was performed to measure p-PI3K, PI3K, p-Akt and Akt expression. miR, microRNA; IGF-1R, insulin-like growth factor 1 receptor; p-, phosphorylated.](IJMM-44-05-1833-g05){#f6-ijmm-44-05-1833}

![miR-939 decreases tumor growth *in vivo*. (A) The images of tumor xenografts obtained from miR-939 and miR-NC groups. (B) Tumor growth curves indicated that the tumors in the miR-939 mimics group grew at a markedly slower rate compared with the miR-NC group. ^\*^P\<0.05 vs. miR-NC. (C) The tumor weight of tumor xenografts generated by HOS cells transfected with miR-939 mimics or miR-NC. ^\*^P\<0.05 vs. miR-NC. (D) Protein expression of IGF-1R and important molecules associated with the PI3K/Akt pathway in tumor xenografts were determined by western blot analysis. (E) Quantification of miR-939 expression in the tumor xenografts derived from miR-939 mimics or miR-NC transfected-HOS cells. ^\*^P\<0.05 vs. miR-NC. miR, microRNA; NC, negative control; IGF-1R, insulin-like growth factor 1 receptor; p-, phosphorylated.](IJMM-44-05-1833-g06){#f7-ijmm-44-05-1833}

###### 

Association between clinicopathological characteristics and the expression of miR-939 in patients with osteosarcoma.

                            miR-939 expression        
  ------------------------- -------------------- ---- ------------------------------------------------------
  Age at diagnosis, years                             0.565
   \<18                     19                   22   
   ≥18                      10                   7    
  Sex                                                 0.292
   Male                     18                   13   
   Female                   11                   16   
  Tumor size, cm                                      0.592
   \<5                      16                   19   
   ≥5                       13                   10   
  Clinical stage                                      0.033[a](#tfn2-ijmm-44-05-1833){ref-type="table-fn"}
   I-IIA                    12                   21   
   IIB/III                  17                   8    
  Distant metastasis                                  0.028[a](#tfn2-ijmm-44-05-1833){ref-type="table-fn"}
   Negative                 14                   23   
   Positive                 15                   6    

miR, microRNA.

P\<0.05.
